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Recently,  we  have  shown  silver  vanadium  phosphorous  oxide  (Ag2V02P04,  SVPO)  to  be  a  promising 
cathode  material  for  lithium  based  batteries.  Whereas  the  first  reported  preparation  of  SVPO  employed 
an  elevated  pressure,  hydrothermal  approach,  we  report  herein  a  novel  ambient  pressure  synthesis 
method  to  prepare  SVPO,  where  our  chimie  douce  preparation  is  readily  scalable  and  provides  mate¬ 
rial  with  a  smaller,  more  consistent  particle  size  and  higher  surface  area  relative  to  SVPO  prepared  via 
the  hydrothermal  method.  Lithium  electrochemical  cells  utilizing  SVPO  cathodes  made  by  our  new  pro¬ 
cess  show  improved  power  capability  under  constant  current  and  pulse  conditions  over  cells  containing 
cathode  from  SVPO  prepared  via  the  hydrothermal  method. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  lithium/silver  vanadium  oxide  (SVO,  Ag2V40n)  bat¬ 
tery  (Li/SVO)  has  been  dominant  as  the  power  source  for  the 
implantable  cardioverter  defibrillator  (ICD)  for  several  decades 
[1-5].  The  synthesis  of  SVO  was  reported  in  the  1930s  [6,7],  yet  the 
successful  implementation  of  SVO  as  a  practical  cathode  material 
in  a  lithium  battery  occurred  50  years  later,  where  a  lithium  anode 
battery  with  an  SVO  cathode  was  first  utilized  as  an  ICD  power 
source  [8,9].  A  review  of  silver  vanadium  oxide  and  lithium  battery 
applications  appears  in  the  literature  [4]. 

There  are  three  essential  characteristics  associated  with  SVO 
which  are  relevant  to  its  use  as  a  battery  cathode  material:  (A)  the 
electrochemical  reduction  of  Ag2V40n  progresses  with  in  situ  for¬ 
mation  of  silver  metal  nanoparticles  with  an  associated  increase  in 
cathode  conductivity  [10,11],  (B)  SVO  exhibits  significant  decrease 
in  (0  01)  interlayer  spacing  corresponding  to  a  13%  structural 
constriction  of  the  vanadium-oxide  layers  as  the  electrochemical 
reduction  progresses  [12],  (C)  SVO  can  be  prepared  with  a  number 
of  synthetic  pathways,  where  resulting  crystallinity,  particle  size 
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and  morphology  can  have  significant  impacts  on  its  electrochem¬ 
istry  [4,13-18]. 

Recently,  we  identified  silver  vanadium  phosphorous  oxide 
(Ag2V02P04,  SVPO)  to  be  a  promising  new  cathode  material  for 
lithium  based  batteries,  in  particular  for  high  power  biomedi¬ 
cal  applications  such  as  the  implantable  cardiac  defibrillator.  The 
first  reported  preparation  of  Ag2V02P04  employed  a  hydrother¬ 
mal  synthesis  method  [19].  We  reported  the  first  electrochemical 
studies  of  SVPO,  showing  SVPO  to  be  a  suitable  cathode  material 
for  high  rate  applications  in  lithium  cells  [20].  Consistent  with  our 
hypothesis  based  on  the  discharge  mechanism  of  SVO,  as  elec¬ 
trochemical  reduction  of  SVPO  was  initiated,  in  situ  formation  of 
silver  nanoparticles  in  the  cathode  matrix  was  observed  with  an 
accompanying  15,000-fold  increase  in  cathode  conductivity  [21]. 
However,  counter  to  the  structural  collapse  of  SVO  on  discharge, 
SVPO  showed  no  significant  change  in  interlayer  spacing  [22].  This 
supported  our  expectation  that  the  phosphorous  oxide  structure 
would  add  stability  and  rigidity  to  the  SVPO  framework. 

In  this  study,  we  report  a  novel  ambient  pressure  synthesis 
method  for  the  preparation  of  Ag2V02P04  (SVPO)  with  accom¬ 
panying  changes  in  morphology,  particle  size,  and  surface  area 
over  the  previously  reported  preparation  method.  The  synthesis 
method  used  for  SVPO  was  adapted  from  a  method  we  recently 
developed  for  preparation  of  silver  hollandite,  Agi8Mn80i6  [23]. 
Electrochemical  performances  of  SVPO  prepared  by  the  new  syn¬ 
thesis  method  as  well  as  the  previously  reported  hydrothermal 
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method  are  examined  and  compared.  The  results  presented  here 
further  demonstrate  the  importance  of  the  synthetic  conditions 
and  the  impact  of  the  preparation  method  on  physical  and  elec¬ 
trochemical  properties.  This  work  takes  significant  steps  toward 
the  ability  to  tune  electrochemical  properties  of  cathode  materials, 
including  bi-metallic  phosphates,  by  controlling  not  only  molecular 
composition,  but  also  physical  properties. 

2.  Experimental 

2.1.  Material  synthesis 

Vanadium(V)  oxide  (V205),  silver(I)  oxide  (Ag20),  phosphoric 
acid  (H3PO4,  85%)  and  de-ionized  water  were  used  as  starting 
materials  in  the  preparation  of  silver  vanadium  phosphorous  oxide 
(SVPO).  Silver  vanadium  phosphorous  oxide  (SVPO-H)  was  synthe¬ 
sized  by  a  hydrothermal  reaction  according  to  a  previously  reported 
method  [19]. 

Silver  vanadium  phosphorous  oxide  (SVPO-AP)  was  prepared 
using  a  novel  reflux-based  synthesis  method  where  the  reaction 
was  conducted  at  atmospheric  pressure  at  a  temperature  of  ~1 00  °C 
with  reaction  times  ranging  from  24  to  96  h  with  a  typical  reac¬ 
tion  time  of  72  h.  The  synthesis  method  used  for  SVPO  was  adapted 
from  a  method  we  recently  developed  for  preparation  of  silver  hol- 
landite,  Agi.8Mn80i6  [23].  Notably,  with  the  modified  synthesis 
method,  the  starting  material  amounts  could  be  readily  scaled  to 
increase  the  quantity  of  material  produced.  Further  modification  of 
SVPO-AP  morphology  and  surface  area  was  achieved  by  post  syn¬ 
thesis  heat  treatment,  where  samples  were  heated  at  500  °C  for  24  h 
to  produce  SVPO-APS. 

2.2.  Material  characterization 

Scanning  electron  microscope  (SEM)  images  were  recorded 
using  a  Hitachi  SU-70  field  emitting  scanning  electron  micro¬ 
scope.  Powder  X-ray  diffraction  (XRD)  was  performed  using  a 
Rigaku  Ultima  IV  X-ray  diffractometer  with  Cu  Ka  radiation  with 
Bragg-Brentano  geometry  and  a  monochromator.  An  in  situ  high 
temperature  stage  was  used  for  XRD  measurements  as  a  function 
of  temperature.  As-collected  XRD  patterns  were  analyzed  using 
MDI  JADE  8  software.  Differential  scanning  calorimetry  (DSC)  was 
performed  using  a  TA  Instruments  SDT  Q600.  Surface  area  of  the 
samples  was  measured  with  a  Micromeritics  TriStar  II  using  a  mul¬ 
tipoint  BET  (Brunauer,  Emmett,  and  Teller)  method.  Particle  size  of 
the  samples  was  determined  with  a  Horiba  LA-950V2  laser  scatter¬ 
ing  particle  size  analyzer. 

2.3.  Electrochemical  testing 

Electrochemical  tests  were  performed  using  coin-type  exper¬ 
imental  cells.  Composite  cathodes  were  prepared  from  a  mixture 
of  SVPO,  graphite,  and  polytetrafluoroethylene  compressed  into  a 
pellet.  The  anode  was  lithium  metal  foil,  and  the  electrolyte  was 
1  M  LiAsFg  dissolved  in  1:1  propylene  carbonate :dimethoxyethane 
solution. 

As-fabricated  coin  cells  were  discharged  under  constant  current 
rates  of  C/10,  C/50,  C/100,  and  C/200  (equivalent  current  densities 
of  3.24,  0.65,  0.32,  and  0.1 6  mA cm-2).  For  the  pre-discharge  tests, 
cells  were  pre-discharged  under  a  C/50  rate  (0.65mA cm-2)  to 
1%  depth  of  discharge  with  discharge  continuing  under  C/10 
(3.24  mA cm-2).  For  the  pulse  discharge  test,  cells  were  discharged 
to  2  V  under  a  background  current  of  0.19  mA  cm-2  with  5  s  pulses 
at  alternating  current  densities  (20,  30,  and  40mA cm-2)  applied 
every  8  h. 

Galvanostatic  intermittent  titration  technique  (GITT)  testing 
was  done  using  a  discharge  current  of  0.8  mAcm-2  applied  for  2  h 


followed  by  open  circuit  for  20  h.  This  sequence  was  repeated  until 
the  cells  were  discharged  to  4  electron  equivalents.  All  electro¬ 
chemical  tests  were  performed  at  37  °C  using  a  Maccor  Series  4000 
battery  tester. 

3.  Results  and  discussion 

3.1.  Novel  synthesis  and  characterization  of  Ag2V02P04  (SVPO-H 
and  SVPO-AP) 

Previous  reports  regarding  the  preparation  of  Ag2V02P04,  SVPO 
utilized  hydrothermal  reaction  conditions,  generating  SVPO-H 
material  at  a  reaction  temperature  of  230  °C  and  elevated  pres¬ 
sure.  In  this  study,  we  report  a  novel  approach  for  synthesis  where 
SVPO  was  prepared  under  ambient  pressure  conditions,  gener¬ 
ating  SVPO-AP  at  a  temperature  of  ~100°C.  Ambient  pressure 
reaction  conditions  provide  a  facile  method  for  material  prepara¬ 
tion  and  are  readily  scalable  with  only  simple  reaction  equipment 
needed. 

The  prepared  SVPO  samples  were  characterized  using  X-ray 
powder  diffraction.  The  XRD  patterns  of  SVPO  samples  compared 
well  with  the  previously  reported  reference  data  [ref:  JCPDS#07- 
3580,  PDF#97-007-3580,  FIZ#73580],  (Fig.  1).  For  the  SVPO-H 
material  it  should  be  noted  that  the  intensity  of  the  peak  at 
20  =  28.703°  is  higher  relative  to  peaks  at  20  =  31.742°,  31.911°, 
34.904°,  and  34.985°  than  for  material  prepared  at  ambient 
pressure  or  for  the  reference  pattern.  SVPO-H  has  large  acicular 
particles  that  can  show  preferred  orientation  due  to  the  high 
aspect  ratio  of  the  particles  [24]. 

Thermal  analysis  was  utilized  to  determine  if  other  phases  of 
materials  were  present.  Differential  scanning  calorimetry  (DSC)  of 
all  SVPO  materials  displayed  a  single  endotherm  at  ~540  °C  without 
additional  peaks.  These  results  further  support  the  XRD  observa¬ 
tions  regarding  the  presence  of  one  single  phase  in  each  material 
sample. 

SEM  images  reveal  the  morphology  and  particle  size  of  the 
samples  (Fig.  2).  SVPO-H  is  comprised  of  stacked  rod-like  struc¬ 
tures  with  some  small  particles  distributed  on  the  surface  of 
the  rods.  The  large  rods  had  an  aspect  ratio  of  ~10  with  typical 
width  dimensions  of  ~7  p.m  and  length  dimensions  of  ~75  p.m. 
The  smaller  surface  adhered  particles  had  typical  dimensions  of 
0.5-3  |jim.  The  morphology  and  size  of  the  SVPO-AP  was  quite  dis¬ 
tinct  from  the  material  prepared  by  the  hydrothermal  pathway 
(SVPO-H).  In  the  SVPO-AP  material,  the  larger  rod  shaped  structures 
were  absent  and  instead  small  more  uniformly  sized  granu¬ 
lar  particles  were  observed  with  dimensions  in  the  0.2-0.6|jim 
range. 

Sample  particle  size  was  quantitatively  determined  by  laser 
light  scattering  methodology.  The  particle  size  distributions  of 
the  samples  are  shown  (Fig.  3).  The  SVPO-H  had  three  local 
maxima  around  0.7,  5  and  15p.m  with  a  shoulder  near  70  p.m. 
This  wide  distribution  of  these  major  peaks  is  consistent  with 
the  high  aspect  ratio  rod  shaped  particles.  A  secondary  peak 
around  0.7  p,m  is  consistent  with  the  small  particles  observed 
on  the  surface  of  the  larger  rods.  The  SVPO-AP  sample  had  a 
distribution  centered  at  around  0.5  p,m  with  a  small  shoulder 
at  3  p.m  illustrating  both  a  smaller  and  more  consistent  par¬ 
ticle  size  range  than  the  hydrothermal  material.  Results  from 
the  laser  scattering  particle  size  distribution  analysis  displayed 
good  correspondence  with  the  SEM  image  analysis  of  the  SVPO 
samples. 

Surface  area  of  the  SVPO-H  material  was  determined  using 
nitrogen  adsorption  by  BET.  The  surface  area  values  of  the  SVPO- 
H  were  on  average  0.29  m2  g-1,  with  a  95%  confidence  interval  of 
0.25-0.33  m2  g-1  while  SVPO-AP  was  4.1 1  m2  g-1  on  average  with  a 
95%  confidence  interval  of  3.61  -4.61  m2  g-1 .  Thus,  the  surface  area 
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Fig.  1.  XRD  pattern  of  hydrothermal  (SVPO-H),  ambient  pressure  (SVPO-AP)  and  sintered  (SVPO-APS)  SVPO  materials. 


of  SVPO-AP  was  more  than  10-fold  larger  than  that  of  the  SVPO-H 
sample.  This  difference  in  measured  surface  area  is  consistent  with 
the  observed  changes  in  morphology  and  particle  size  of  the  SVPO 
samples  prepared  by  the  two  synthetic  methods. 

Differences  in  particle  size  and  surface  area  of  the  SVPO-H  and 
SVPO-AP  samples  are  attributed  to  differences  in  the  synthesis 
conditions.  Relative  to  the  SVPO-H  material,  the  SVPO-AP  mate¬ 
rial  was  synthesized  under  considerably  less  strenuous  conditions, 
with  less  than  one  half  of  the  reaction  temperature,  at  ambient 
pressure  rather  than  elevated  pressure,  and  typically  for  shorter 
reaction  times.  Thus,  the  opportunity  for  growth  of  large  crystals 
for  the  SVPO-AP  material  was  significantly  reduced  compared  to 
the  SVPO-H  material. 


3.2.  Post  heat  treatment  (sintering)  of  SVPO-AP  to  form  SVPO-APS 

As  there  was  a  significant  difference  in  surface  area  of  the  SVPO- 
AP  and  SVPO-H,  sintering  was  investigated  to  modify  the  surface 
area  of  SVPO-AP.  The  objective  of  this  study  was  to  align  the  surface 
area  values  of  the  as-prepared  hydrothermal  material  (SVPO-H) 
and  the  sintered  ambient  pressure  prepared  material  (SVPO-APS) 
to  evaluate  the  effects  of  particle  size  and  morphology  on  the  elec¬ 
trochemical  behavior  of  the  SVPO  materials  without  a  large  surface 
area  effect. 

In  order  to  identify  appropriate  sintering  conditions,  a  detailed 
examination  of  the  changes  in  SVPO  with  temperature  increase 
was  done  using  in  situ  XRD  measurements.  A  sample  of  SVPO- 


Fig.  2.  SEM  images  of  (a)  SVPO-H  1000X  and  5000X,  (b)  SVPO-AP  5000X  and  lO.OOOX,  and  (c)  SVPO-APS  5000X  and  lO.OOOX. 
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Fig.  5.  Surface  area  change  of  SVPO-AP  during  the  post  heat  treatment. 


Fig.  3.  Particle  size  distribution  of  SVPO-H,  SVPO-AP  and  SVPO-APS  materials. 


AP  was  heated  stepwise  at  200,  300,  400,  and  500  °C,  and  the 
diffraction  patterns  at  each  temperature  were  recorded  (Fig.  4). 
The  diffraction  pattern  shifted  to  lower  20  angles  with  increases 
in  temperature.  This  phenomenon  is  attributed  to  the  heat  expan¬ 
sion  of  the  crystal  structure  of  SVPO  where  an  increase  in  the  lattice 
spacing  of  the  unit  cell  results  in  peak  shift  to  lower  20  in  the  diffrac¬ 
tion  pattern,  as  expressed  by  Bragg’s  law  [25].  Lattice  expansion 
with  increasing  temperature  has  been  observed  previously  in  other 
materials  [26-28].  In  addition,  peak  separation  was  observed  at 
higher  temperatures,  indicating  an  anisotropic  expansion  for  SVPO. 
Anisotropic  thermal  expansion  has  been  previously  reported  for 
other  materials  [29]. 

At  400  and  500  °C,  several  peaks  at  20  =  ~1 9.9°,  21.2°,  31.7°,  and 
34.9°  showed  peak  separation,  while  the  peaks  at  20  =  ~14.1°  and 
28.7°  did  not  separate.  The  peaks  which  separated  at  high  tempera¬ 
ture  were  assigned  to  two  or  more  overlapping  peaks  representing 
different  reflection  planes  in  a  narrow  20  range  at  room  tempera¬ 
ture.  Since  the  SVPO  material  has  a  monoclinic  cell  structure,  the 
extent  of  d-spacing  increase  due  to  the  lattice  expansion  should 
not  be  the  same  for  different  reflection  planes.  For  example,  the 
peak  at  20  =  ~1 9.9°  consists  of  two  peaks  representing  (-201)  and 
(2  01)  planes.  Those  planes  had  similar  d-spacing  of  4.439  A,  with 
one  peak  visible  at  room  temperature.  At  500  °C,  the  peak  separated 
into  two  peaks  and  the  d-spacing  for  two  planes  was  increased  to 
4.516  and  4.452  for  the  (-2  01)  and  (201)  planes,  respectively. 

After  cooling  to  room  temperature,  the  XRD  pattern  of  the  heat 
treated  material  returned  to  the  same  pattern  as  before  sintering, 
confirming  that  the  SVPO  material  showed  good  thermal  stabil¬ 
ity  and  did  not  decompose.  Sintering  the  SVPO  material  allowed 
modification  of  the  physical  properties  of  the  material  while  main¬ 
taining  the  sample  chemistry  and  crystal  structure.  Based  on  the 
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in  situ  XRD  heating  study  500  °C  was  identified  to  be  an  appropriate 
temperature  for  the  sintering  treatment. 

A  larger  sample  of  SVPO-AP  was  subjected  to  heat  treatment 
and  then  characterized.  The  heat  treated  SVPO-AP  is  designated 
as  SVPO-APS.  Physical  property  changes  are  observed  post  heat 
treatment.  The  material  shows  a  decrease  in  BET  surface  area  as 
a  function  of  temperature  with  a  large  decrease  noted  for  sam¬ 
ples  sintered  at  or  above  300  °C  (Fig.  5).  After  sintering  at  500  °C, 
the  sample  surface  area  reached  0.34  m2  g-1 ,  which  was  similar 
to  typical  surface  area  of  the  SVPO-H  material.  A  significant  mor¬ 
phology  change  could  also  be  observed  in  the  sample  sintered  at 
500  °C  (Fig.  2c).  The  typically  smaller  particles  of  SVPO-AP  were 
agglomerated  and  appeared  to  be  fused  forming  larger  particles. 

The  particle  size  distribution  of  the  sintered  material  showed 
an  interesting  trend  (Fig.  3).  While  two  major  peaks  around  0.8 
and  4  p,m  corresponded  well  with  the  SEM  analysis  showing  larger 
fused  particles,  there  was  another  peak  apparent  above  300  p,m. 
This  peak  is  consistent  with  a  large  fused  structure  for  the  sintered 
material.  During  the  sintering,  it  appears  that  the  small  particles 
of  the  SVPO-AP  material  agglomerated  and  fused  into  larger  parti¬ 
cles.  The  fused  particles  then  merged  to  make  an  even  larger  fused 
structure.  The  larger  fused  structures  did  not  readily  disperse  as 
sonication  conducted  as  part  of  the  particle  size  determination  did 
not  disrupt  the  material  and  return  it  to  individual  particles. 

Crystallite  size  analysis  was  performed  using  XRD  data,  for 
the  SVPO-H,  SVPO-AP,  and  SVPO-APS  materials.  Two  diffraction 
peaks  at  20  =  14.046°  and  28.703°,  representing  the  (001)  and 
(40  0)  planes  respectively,  were  chosen  for  the  analysis.  The  sam¬ 
ple  crystallite  size  for  each  direction  was  calculated  by  the  Scherrer 
equation.  There  was  a  clear  difference  in  the  crystallite  sizes  for  the 
three  SVPO  types  (Fig.  6).  In  both  crystallographic  directions,  the 
ambient  pressure  material  (SVPO-AP)  showed  the  smallest  crystal¬ 
lite  size,  the  hydrothermal  material  (SVPO-H)  had  the  largest,  and 
the  sintered  material  (SVPO-APS)  had  intermediate  values.  These 
results  correspond  to  the  characterization  results  from  the  SEM  and 
particle  size  analysis.  The  SVPO-H  and  SVPO-APS  showed  crystallite 
sizes  larger  than  the  SVPO-AP  material  along  the  a-axis  direction,  as 


Fig.  4.  XRD  patterns  of  SVPO-AP  at  different  temperatures. 


Fig.  6.  Crystallite  size  of  SVPO-H,  SVPO-AP  and  SVPO-APS  materials. 
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Fig.  7.  Constant  discharge  curve  of  Li/SVPO  (SVPO-H,  SVPO-AP  and  SVPO-APS)  cells  at  (a)  C/100  and  (B)  C/10  rates. 


represented  by  the  (4  0  0)  plane,  than  along  the  c-axis  direction,  as 
represented  by  the  (001)  plane.  Analysis  of  the  XRD  data  for  SVPO 
shows  that  the  VOPO  layers  extend  parallel  to  the  (001)  plane  [20]. 
The  data  suggest  that  the  long  dimension  of  the  acicular  particles 
for  SVPO-H  and  SVPO-APS  is  along  the  c-axis. 

3.3.  Electrochemical  evaluation 

To  investigate  the  electrochemical  performance  of  the  three 
SVPO  materials,  cathodes  were  fabricated  and  incorporated  into 
test  cells  utilizing  lithium  anodes.  It  was  anticipated  that  even 
though  the  chemical  structure  and  composition  of  the  three  SVPO 
samples  were  the  same,  the  difference  in  physical  properties  would 
influence  their  electrochemical  performance. 

Constant  current  discharge  tests  were  conducted  at  dis¬ 
charge  rates  of  C/10  (3.24mA cm-2),  C/50  (0.65  mA cm-2),  C/100 
(0.32  mA  cm-2),  and  C/200  (0.1 6  mA  cm-2),  where  C/10  and  C/100 
are  shown  (Fig.  7).  If  a  lower  discharge  rate  was  used  (C/50  and 
below),  the  test  cells  with  SVPO-AP  and  SVPO-H  showed  similar 
voltages  and  delivered  similar  total  capacities.  At  the  highest  dis¬ 
charge  rate  used  (C/10)  the  cells  using  SVPO-AP  showed  higher 
voltage,  in  the  middle  of  life,  than  the  cells  using  SVPO-H.  How¬ 
ever,  the  SVPO-AP  material  delivered  slightly  less  capacity  to  2.0  V 
and  1 .5  V  limits.  The  SVPO-APS  cells  displayed  the  largest  variation 
in  performance  and  generally  delivered  less  total  capacity  than  the 
SVPO-H  and  SVPO-AP  cells. 

Previously,  a  significant  increase  in  cathode  conductivity  was 
noted  on  initiation  of  discharge  of  SVPO  cells  [21].  Therefore,  the 
effect  of  pre-discharge  of  the  cells  was  investigated  as  it  was  antic¬ 


A  - SVPO-H  . SVPO-AP 
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ipated  that  a  conductive  network  would  be  formed  within  the 
cathode  structure.  Groups  of  experimental  cells  containing  SVPO- 
H  and  SVPO-AP  were  pre-discharged  at  a  C/50  rate  to  1%  depth  of 
discharge  (DOD)  and  then  discharge  was  continued  under  a  C/10 
rate.  Pre-discharge  of  the  cells  mitigates  the  initial  voltage  drop 
observed  as  the  load  is  first  applied  consistent  with  the  formation 
of  a  more  conductive  cathode  during  the  predischarge  step  (Fig.  8). 
Pre-discharge  did  not  influence  the  total  delivered  capacity  of  the 
test  cells  and  as  expected  the  initial  voltage  of  the  SVPO-AP  cells 
was  higher  than  that  of  the  SVPO-H  cells. 

To  investigate  cell  behavior  under  conditions  that  are  more  con¬ 
sistent  with  a  high  power  biomedical  application  such  as  the  ICD, 
test  cells  were  discharged  with  intermittent  pulses  at  alternat¬ 
ing  current  densities  (Fig.  9).  Starting  from  an  initial  voltage  of 
~3.5  V,  the  cells  reached  a  loaded  potential  of  2  V  at  a  capacity  of 
~200  mAh  g-1 .  Similar  to  the  results  of  the  constant  discharge  tests, 
the  total  capacity  delivered  to  2  V  for  the  SVPO-H  and  SVPO-AP  cells 
was  similar.  The  sintered  SVPO-APS  cells  generally  displayed  lower 
total  capacity. 

Resistance  at  each  pulse  was  calculated  using  Ohm’s  law  and  the 
point  of  maximum  voltage  drop  (Fig.  10).  Cells  containing  SVPO- 
AP  showed  lower  resistance,  while  those  containing  SVPO-APS  and 
SVPO-H  showed  similar  resistances.  The  ohmic  and  polarization 
contributions  to  the  voltage  drop  were  determined  by  analysis  of 
the  pulse  data  where  the  ohmic  contribution  was  assigned  as  the 
initial  rapid  voltage  drop  on  application  of  the  pulse  current.  Inter¬ 
estingly,  differences  in  the  ohmic  resistances  of  the  SVPO  materials 
were  more  significant  than  differences  in  the  polarization  resis¬ 
tance,  where  a  representative  example  for  one  pulse  is  shown 


B  - SVPO-H  . SVPO-AP 


Fig.  8.  Initial  discharge  curve  of  Li/SVPO  cells  (SVPO-H  and  SVPO-AP)  (a)  without  pre-discharge  and  (b)  after  pre-discharge. 
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Fig.  9.  (a)  Pulse  discharge  curve  of  Li/SVPO  cells  (SVPO-H,  SVPO-AP  and  SVPO-APS):  magnification  of  30mA cm-2  pulses  at  (b)  ~13  mAhg-1  and  (c)  ~92  mAhg-1. 


(Fig.  11).  Less  voltage  drop  and  lower  resistance  of  the  cells  using 
the  SVPO-AP  cathodes  can  provide  better  power  capability  for  high 
current  load  applications.  Results  of  the  discharge  tests  affirm  that 
differences  in  sample  surface  area  and/or  particle  size  can  affect  the 
discharge  behavior  of  batteries  under  high  rate  pulse  conditions. 
However,  as  expected,  there  was  little  influence  on  the  intrinsic 
capacity  of  the  material. 


Fig.  10.  Cell  resistances  for  Li/SVPO  (SVPO-H,  SVPO-AP  and  SVPO-APS)  cells  under 
20  mA  cm-2  pulses. 


Galvanostatic  intermittent  titration  technique  (GITT)  was  uti¬ 
lized  to  further  investigate  the  polarization  of  the  SVPO  cathodes. 
The  overall  trend  of  the  cathode  polarization  can  be  observed  as 
a  function  of  discharge  (Fig.  12).  Consistent  with  our  analysis  of 
the  pulse  discharge  data  discussed  above,  polarization  differences 
of  cell  prepared  with  SVPO-AP,  SVPO-APS,  and  SVPO-H  cathode 
materials  under  GITT  test  were  not  significant.  Notably,  over  the 
course  of  the  discharge  curve,  the  polarization  is  initially  higher 
and  decreases  as  the  cells  discharge.  A  significant  change  in  the 


SVPO-H  SVPO-AP  SVPO-APS 


Fig.  11.  Ohmic  and  polarization  contributions  to  cell  resistance  for  40  mA  cm-2 
pulse  at  ~1 00  mAh  g_1 . 
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Fig.  12.  GITT  polarization  curves  of  Li/SVPO  (SVPO-H,  SVPO-AP  and  SVPO-APS)  cells. 

polarization  occurs  after  2.4  electrons  have  been  incorporated  by 
the  cathode,  at  around  2.6  V.  This  observation  is  consistent  with 
two  different  reaction  zones  in  the  discharge  behavior,  before  and 
after  x~  2.4  in  LixAg2_xV02P04.  From  our  previous  study  on  SVPO 
material  [21],  it  was  found  that  in  the  initial  region  of  discharge 
reduction  of  Ag+  to  Ag°  is  the  dominant  process  with  some  reduc¬ 
tion  of  V5+  occurring  in  parallel  (up  to  x  =  2.4).  After  x~2.4,  the 
Ag+  reduction  is  largely  complete  and  the  predominant  reduction 
process  is  reduction  of  V5+  to  V4+.  The  change  in  mechanism  with 
the  progression  of  discharge  is  consistent  with  the  GITT  results, 
where  more  polarization  is  observed  in  the  early  stages  of  the  dis¬ 
charge  during  the  Ag+  reduction  process  and  less  polarization  is 
observed  when  the  dominant  process  shifts  to  vanadium  reduction 
with  lithium  insertion. 

4.  Summary 

A  novel  synthesis  of  silver  vanadium  phosphorous  oxide, 
Ag2V02P04,  is  reported.  Our  synthetic  approach  is  readily  scal¬ 
able  and  provides  material  with  a  smaller,  more  consistent 
particle  size  and  higher  surface  area.  Cells  utilizing  SVPO  cath¬ 
odes  made  by  the  new  process  show  improved  power  capability 
under  constant  current  and  pulse  conditions.  The  results  pre¬ 
sented  here  further  demonstrate  the  importance  of  the  synthetic 
conditions  and  the  impact  of  the  preparation  method  on  phys¬ 
ical  and  electrochemical  properties.  This  work  establishes  new 
paradigms  for  the  tuning  of  electrochemical  properties  of  cath¬ 
ode  materials,  including  bi-metallic  phosphates,  by  controlling  not 
only  elemental  composition,  but  also  physical  properties  of  the 
materials. 
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